The fracture strength of two kinds of UO2 specimens possessing pores of different maximum sizes (60 and 140 mm) was measured in the range of room temperature 
II. EXPERIMENTAL PROCEDURE

Test Specimens
Two kinds of UO2 pellet designated types A and B were prepared by press-forming fine UO2 powder and subsequent sintering at 1,500dc for 4 h in a reducing atmosphere.
A spectrographic analysis of the raw material is given in Table 1 . wiched between tungsten plates, inserted under the crosshead of an Instron type compressing machine, maintained for 20 min at the prescribed temperature, and then compressed diametrically.
The movement of the push rod and the applied load were recorded directly on an X-Y recorder.
This testing machine assembly was contained in a glove box as described in a previous paper (16) .
The tests were performed in vacuum (~10-5 Torr). The temperature was measured by Pt-Pt/Rh thermocouples attached to the specimen, and maintained by P. I. D. controller within 0.5% of the preset temperature.
The normal compression rate, applied in the entire test temperature range of room temperature ~1,300dc was 1.0 mm/min. Additional measurements were made at 20, 100 and 500 mm/min, to examine the effect of differences in strain rate. These additional tests were performed on the B type specimens in the range between 800 and 1,300dc.
After the compression tests, the surface parallel to the direction of compression was observed under optical microscope to examine the crack patterns. Fractographs also were taken of the specimens after the tests by two-stage replica electron-microscopy.
III . RESULTS
Two types of UO2 disk specimens with different pore sizes were diametrically compressed and fractured in the temperature range of room temperature ~1,300dc. All the tests were performed on specimens of almost identical grain and pore sizes as well as 0/U ratio. Figure 1 plots the values of 0/U ratio determined on various specimens both before and after the fracture tests. by more classical methods(3)~(11). Figure 3 presents, as function of testing temperature, the fracture strengths obtained at the lowest compression rate of 1.0 mm/min on specimens of both types A and B. The higher fracture strengths obtained on the A type specimens clearly evidence the favorable effect brought upon mechanical property by smaller pore size. It is also revealed that the fracture strength is independent of temperature in the range below 800dc, and then tends to increase with rising temperature.
The fracture strength of B type speci- 
where e and sf are the tensile fracture strain and stress, respectively, E is Young's modulus and Dt the time to fracture. Upon insertion into Eq. ( 2 ) 3 ) and 5x10-3 h for Dt (determined from the crosshead motion), it proves that the compression rate of 1 .0 mm/min corresponds to a strain rate of 0.02+-0 .009 h-1. Figure 4 indicates that, at 800dc, the fracture strength is little affected by differences in the compression rate (strain rate), whereas such differences come to influence the strength quite significantly at higher temperatures beyond 1,000dc.
The fracture behavior was studied by electron-microscopy. Typical aspects shown by the fractured surfaces of B type specimens compressed at 1.0 mm/min are presented in Photo. 3, which reveals that the fractures occur in both transgranular and intergranular modes, with microcracks appearing around the pores. (Photo. (a), (b) and (c)). In the specimens tested above 1,000dc, many slip lines were observed around these pores, indicating the occurrence of plastic flow in these locations (cf. Photo. 3(d)). 
IV. DISCUSSION
where P, D, T and E have already been defined, and n is Poisson's ratio of the disk material. Insertion into Eq. ( 3 ) of published values(17)(18) for n and E , and the actual data for P, D and T results in a value of W smaller than 1 .0 mm at fracture. The validity of this estimation was ascertained by measurements made of the actual values of W after the fracture tests.
Further, in order to examine the influence on stress imparted by increasing W , some elastic analyses were performed to estimate the distribution of the principal tensile stresses generated in a diametrically compressed specimen , using the finite element method (19)(20) with W, the width of contact area varied from 0 to 1 .0 mm. Examples of the results, representing the cases of W=0 .0 and 1.0 mm, are reproduced in Fig. 5 . It is seen that, even between these two extreme cases , there is little difference in the intensity of maximum principal tensile stress which dominantly influences the fracture ; the two results differ from each other mainly in respect of the pattern of stress distribution. Fig The influence upon the maximum principal stress brought by the finiteness of W is illustrated quantitatively in Fig . 6 , where this influence is represented by a "decrease factor" a which is defined as the ratio of maximum principal tensile stresses betw een that for W=0.0 and that for W> 0 .0 mm. It is revealed that , if W<1.0 mm, Eq. ( 1) will assure accuracy exceeding 95% in converting the compression fracture load into the fracture strength.
This substantiates the validity of the diametral compression test in providing reasonably accurate values of tensile fracture strength for UO 2 ; the discrepancies seen in the measured fracture strengths given in the case by various authors could possibly be attributed, at least in part , to differences in their testing methods . B erenbaum & Brodie(13) have examined three different methods for mea suring the tensile fracture strength of brittle materials , which they compared with the conventional tensile test. They showed that the fracture strength of plaster measured b y bending was about twice the value measured by two other methods-indentation and diametral compression.
The latter two methods gave results in good agreement with those obtained by the conventional tensile test, but the bending method was found to be sensitively influenced by the surface conditions of the specimens.
This circumstance might also apply to the bending tests performed on. UO2 specimens by past authors, to account for the particularly high values of fracture strengths they have reported (cf. Table 3 ). The fracture strengths obtained in the present study are still smaller than those obtained by the previous workers from ring tests(10)(11) and diametral compression teStS(14)(15). This might possibly be due to difference in the microstructure of the specimens used. In this connection, several workers(4)~(6) have pointed out that the fracture of UO2 at temperature up to about 1,500dc are attributable to extension of large pores and/or flaws. Such a mechanism was also indicated in the present instance from photomicrographs (cf. Photo. 4). The authors have interpreted the cracks seen around the pores to have resulted from stress concentrations around the pores, which had led to fracture.
It was also reasoned that the larger pores would tend to generate around them correspondingly larger stress concentrations, meaning that the fracture strength would be dominantly influenced by the size of the largest pore. The data given by Kennedy(14) and Bandyopadhyay(16) , on the other hand, are devoid of values indicating the size of the pores contained in the specimens used in their diametral compression test, but their micrograph of a fractured surface reveals the presence of flaws of about 20 mm diameter resulting from heat treatment (annealing at 1,920dc for 18 h after quenching at 700dc). The fracture strengths of these specimens were about 2.4 kg/mm2 at room temperature. Now, the effective surface energy ge is difficult to estimate, and we will here use Eqs. ( 4 ) and ( 5 ) to derive the ratio of fracture strength values between that given in the reports cited above and that obtained in the present work. Inserting into Fqs. ( 4 ) and ( 5 ) the values of 10 mm for R*, 50 mm (average between present specimens A and B) for n and 0.30 for v and assuming that the values of E, g e and n are common to the two studies, we obtain 1.5 as the ratio of fracture strengths s */s**.
This value practically agrees with the ratio of 2.4/1.5=1.6 obtained from the actually reported values. This justifies the smaller strengths obtained in the present study.
2.
Influence of Largest Pore Size on Fracture Strength
The A and B types specimens used in the present study were prepared from a common source powder, so that the difference found between them in respect of fracture strength should confirm with Griffith's theory, relating the strength of Erittle materials to flaws. The largest pores present in the A type specimen have a radius of 30 mm, and the corresponding pores of ,B type are 70 mm. Applying these pore sizes to Eq. ( 5 ), we derive the ratio to be expected between the strengths of the A and B types specimens :
The corresponding value of the ratio, determined from the actual strengths measured on the two types of specimen ( Fig. 3) is (in the range of room temperature ~800dc) 2.0, which is close enough to the calculated value of 1.5 given above. Hence , in the lower temperature range of brittle fracture, Eq. ( 5 )-base on Griffith's theory-may be considered to provide a practical indication of the effect on fracture strength brought by differences in the size of the largest pores.
At high temperatures, with the onset of plastic flow in the strain field , Griffith's theory must be modified in accordance with Orowan's suggestion (23) . This provides for the addition in Eq. ( 5 ) of a plastic work function F to the surface energy ge , which latter, besides, is in many cases small compared with F as to be negligible . The Orowan modification permits Eq. ( 5 ) to be rewritten in the form
From Orowan's definition of F, it is commonly accepted that the value of F in Eq .
( 6 ) corresponds to the amount of plastic deformation. Now it can be logically expected that plastic deformation would take place more extensively in specimens possessing larger radius pores and at higher temperatures ; this would imply that the slopes presented by the plots in Fig. 3 at the higher temperatures beyond 1,000dc should be somewhat steeper for sb than for sA.
And actually, the ratio of measured fracture strengths between A and B types is seen to narrow down from 1.9 at 1,000dc to 1 .4 at 1,300dc.
3. Brittle-to-ductile Transition Temperature (Tc)
It was seen in Fig. 2 . 3(d) ), which were absent from the specimen tested at 800dc.
At the highest compression rate of 500 mm/min (e=10.0 h-1), Tc shifted upward beyond 1,300dc (Fig. 2(f) The relation between fracture strength and strain rate was examined by Canon et al. (5) for UO2 and by Roberts et al (6) for (U, Pu)O2. These two studies have yielded mutually inconsistent results, probably due to the difference in specimen material. The data from the present study, on the other hand, agree in substance with the latter of the two studies cited above, for the intermediate temperature region-i. e. decreasing fracture strength with increasing strain rate at temperatures above 1,000dc (Fig. 4) . To explain this behavior, Roberts et al . proposed a mechanism that took into consideration differences in strain rate : This mechanism stipulated that, in this intermediate tem-
perature region, Tc would shift toward higher temperature with increasing strain rate, induced by a thermally-activated i. e. diffusion-controlled-mechanism. This explanation, however, should validly apply only to cases of low strain rate (e.g. high temperature creep deformation), since at the higher strain rates, plastic deformation might be governed, more likely, by a mechanism other than diffusionc(16)(24) .
The mechanism proposed here takes account of the value of dislocation velocity in its relation to the strain rate, as described in Sec . IV-3. This mechanism implies that, the fracture strength is independent of the strain rate in the low temperature region below 800dc, where the fracture is not affected by plastic deformation.
In the temperature range above 800dc, dislocation motion becomes pronounced, to influence the fracture strength quite significantly. For a given temperature in this region, the amount of plastic deformation accepted without fracture decreases with increasing strain rate (deformation rate), with less time allowed for the movement of dislocations to let the specimen yield without fracture . Thus even in this temperature range favorable to plastic flow and consequent dissipation of the stresses concentrated around pores, increasing the strain rate will tend to undermine the ductility acquired at the higher temperature.
This explanation should be considered more convincing than that given by Roberts et al., who called into play a thermally activated process for this intermediate temperature region .
V. CONCLUSIONS
The following conclusions can be derived from the results of diametral compression tests applied to UO2 specimens in the range of room temperature ~ 1,300dc:
(1) The measured fracture strength in UO2 varies according to the method used for testing ; diametral compression method used in this study should provide tensile fracture strengths close to the true values.
(2) The fracture strength of sintered UO2 is sensitively influenced by the conditions of specimen preparation ; but Griffith's theory appears to be applicable, by which the strength is inversely proportional to the square root of the largest pore size.
(3) The brittle-to-ductile transition temperature is affected by the strain rate. This is explained in terms of the relation between dislocation velocity and strain rate.
(4) The pores present in the UO, structure extend under stress, leading to fracture, and up to about 800dc the fracture strength is independent of temperature.
In the intermediate temperature region (1,000~1,300dc) , the fracture strength increases with temperature, due to onset of plastic flow, which serves to dissipate the stresses concentrated at the pores.
(5) The temperature dependence of the fracture strength weakens with increasing strain rate, which allows less time for plastic deformation to dissipate the rising stress concentrations around the pores.
